Validation of in vivo protein cross-linking with AB5075 cells. A) Experimental design. AB5075 cells of OD 600 = 1.0 grown in LB medium were harvested, washed three times with PBS, and aliquoted to seven tubes in buffer 500 mM Na 2 HPO 4 (pH 7.4), 150 mM NaCl in 0.1 ml reaction volume. Colony forming unit (CFU) analysis was performed with cells at time points of T 0 (before addition of BDP-NHP cross-linkers), 1 hour (after crosslinking with 5 mM BDP-NHP), 2 hours (after cross-linking with two doses of 5 mM BDP-NHP), and 3 hours (after cross-linking with three doses of 5 mM BDP-NHP). Equivalent treatments with the solvent DMSO were also analyzed. B) CFU analysis showing that there were no detectable live cell loss of AB5075 after up to three hours cross-linking treatments with BDP-NHP. Error bars indicate the standard deviation of biological replicates (n=4). C) AB5075 cells before/after cross-linking were spotted onto LB agar plate to illustrate that AB5075 cells were live after the BDP-NHP cross-linking treatments. D) Infrared dye-labeled Streptavidins were used to detect the biotinylated proteins. Strong signals were observed for samples exposed to BDP-NHP cross-linkers. The reactive bands in T 0 and DMSO control samples may be resultant from the endogenous biotin containing proteins in AB5075. 
In the first step (MS 1 ), MS mass spectra are collected, and ions of charge states ≥ 4+ are identified and selected for the low energy MS/MS fragmentation analysis. In the second step (MS 2 ), MS/MS mass spectra are collected, peptide fragments that matched the mass relationship to MS 1 precursors are identified. In the third step (MS 3 ), the matched fragments are targeted for the MS/MS/MS analysis to obtain peptide fragmentation spectra that yield the peptide sequence information. Example showing the identification of the cross-linked peptide pair for β-lactamase Oxa-23 and outer membrane porin OmpW. The stump modified lysines are indicated, which were the cross-linked lysine residues.
B) As an alternative approach of sample fractionation, proteins extracted from the BDP-NHP cross-linked cells were separated with SDS-PAGE. Gel regions corresponding to stacking gels and proteins bands > 100 KDa were excised for in-gel digestion analysis. C) Comparison of the cross-linked peptide pairs identified with SCX fractionation or SDS-PAGE separation approaches. The SCX approach contributed to a bigger number of the identified cross-linked peptide pairs. However, the SDS-PAGE analysis enabled identification of 72 cross-linked peptide pairs (24.4% of the 295 identification) that were not included in the SCX dataset. A) OmpA-CT domain structure 3TD4 and YiaD-CT domain structure based on Phyre2 homology modeling using P.
AB5075 domain interaction network
aeruginosa TSSL1 template 4B62. The peptidoglycan binding sites 8 (OmpA, D268; YiaD, D150) are highlighted.
Protein sequence alignment identified conserved and diverged cross-linked lysines in OmpA-CT and YiaD-CT.
Conserved lysines are shown in red and the diverged lysines are shown in orange in the 3D structure. Lysines that were cross-linked to Oxa-23 were underlined. B) Structural alignment of OmpA-CT and YiaD-CT domains using MolSoft BrowserPro (version 3.8-0). Both proteins share a core OmpA-like-CT domain structure of 4 β-strands and 3 α-helices (β1/α1/ β2/α2/ β3/α3/ β4) 8 . (Fig. 4A, B, D) . Full blots are shown in Supplementary Fig. 16 . lysate. This protein band was only apparent in the SDS protein extracts for AB5075 cells, and was not detected in the soluble lysates (Fig. 4A , B, D). Full blot image is shown in Supplementary Fig. 17 .
Oxa23 protein band # 1 (µg/ml) 0.5 (µg/ml) 2 (µg/ml) 4 (µg/ml) 6 (µg/ml) µg/ml and 6 µg/ml imipenem concentrations compared to Oxa-23 WT complementation strain. Coommassie Supplementary Fig. 16 Full blots for the immunoblots shown in Supplementary Fig. 7 . Here letters "A" or "B"
correspond to panels A or B in Supplementary Fig. 7 . Supplementary BL21 pET-28b-oxa23-K82A
BL21 pET-28b-oxa23-DKK60AAA
BL21 pET-28b-oxa23-D238A BL21 pET-28b-oxa23-DKK60AAA/D238A
Supplementary Methods

Synthesis of chemical cross-linkers
The PIR cross-linker Biotin Aspartyl Prolyl N-hydroxyphthalamide (BDP-NHP) was synthesized as previously described 16, 17 . 
LC-MS ReACT analysis
A real-time informatics strategy (ReACT), previously described 1 , was used to improve the throughput of cross-linked peptide analysis. In MS 1 scan events, ions of charge states ≥ 4+ were identified using FTICR mass analyzer with 50,000 resolving power. 
Generating the stage 1 protein database with BDP-NHP cross-linkers in AB5075
The purified proteins from the cross-linked AB5075 cells, which was in the buffer of 50 mM For QE plus analysis, the LC separation gradients were 2% -10% acetonitrile for 1 min, and 10% -30% acetonitrile for 89 min, at flow rate of 300 nL/mim. QE plus settings include 70,000 resolution for fully tryptic peptide sequences were considered and up to 2 missed cleavages were allowed. For QE plus data, the same database and Comet parameter settings were used as Velos-FT data, except for that fragment bin tolerance 0.1 and fragment bin offset 0 were used for QE plus data. The false discovery rate for the peptide identification was determined with the target-decoy approach, and was controlled at 1%.
A total of 1,741 proteins were identified with two or more unique peptides. The list of the proteins is provided in Supplementary Data 3.
Anti-HA co-immunoprecipitation (co-IP) with AB5075-pMMB-oxa23 cells
For Oxa23-HA-Strep protein expression, AB5075-pMMB-oxa23 strain was grown overnight in LB medium at 37 °C. Cells were diluted to OD600 = 0.6, and 0.3 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to the LB medium. After adding the IPTG, cells were grown at room temperature for 18 h and cell pellets were harvested with centrifugation of 3,000 × g at 4 °C for 20 min.
Cell pellets of AB5075-pMMB-oxa23 (or AB5075 WT control) cells were washed once with cell washing buffer [50 mM MOPS (pH 7.4), 150 mM NaCl], and were resuspended in a 1:10 ratio (gram: ml)
with the ice-cold protein extraction buffer which contains 50 mM MOPS (pH 7.4), 150 mM NaCl, 1%
Triton X-100 and EDTA-free protease inhibitor cocktail tablets (using the ratio of 10 ml buffer per tablet) (Roche, Basel, Switzerland). Cells were sonicated on-ice with a GE-130 ultrasonic processor using 50%
amplitude and three cycles of 1 min duration. Protein extracts were centrifuged with 20,000 × g for 20 min at 4 °C to remove cell debris, and protein concentrations were determined with Bradford assays.
Monoclonal anti-HA agarose (Sigma) were washed twice with protein washing buffer [50 mM MOPS (pH 7.4), 150 mM NaCl, 0.1% Triton X-100]. Twenty microliters of anti-HA agarose and one milligram total proteins were input in each Co-IP assay. The mixtures were incubated at 4 °C overnight on a rotating shaker. Anti-HA agarose was collected with centrifugation of 3,000 × g for 3 min at 4 °C, and was washed four times with protein washing buffer. The co-IP proteins were eluted with 2 × Laemmli buffer (Bio-Rad) and boiling at 95 °C for 5 min.
Anti-HA co-IP with the BDP-NHP cross-linked AB5075-pMMB-oxa23 cells
Since membrane protein structures are highly dependent upon the presence of the lipid membrane environment, it only stands to reason that cell lysis and extraction to remove proteins from this lipid environment causes membrane protein structural perturbations and loss of relevant binding partners in a way not equaled with soluble protein complexes. Thus, the relative success rate of co-IP of soluble protein interactions is indisputably higher compared to complexes that involve membrane proteins. One way to improve the Co-IP success rate for membrane proteins is to add a cross-linking step before the Co-IP analysis.
AB5075-pMMB-oxa23 cells were grown in LB medium and Oxa23-HA-Strep protein expressions
were induced with 0.3 mM IPTG at room temperature for 18 h. Cell pellets were collected with centrifugation of 3,000 × g for 20 min at 4 °C. Cell pellets were further washed three times with 6 ml of 5 mM Na2HPO4 (pH 7.4) and 150 mM NaCl buffer, and one time with 3 ml of 500 mM Na2HPO4 (pH 7.4) and 150 mM NaCl buffer, before resuspended in 500 mM Na2HPO4 (pH 7.4) and 150 mM NaCl buffer.
Cross-linking reactions were performed with two doses of 5 mM BDP-NHP at room temperature, with a total reaction time of 1 h (30 min for each dose). Cells were mixed with 1,300 rpm on a thermomixer.
Cross-linking reactions were ended by the addition of 20 mM Tris (pH 8.0). Cells were harvested with 3,000 × g centrifugation at 4 °C for 20 min.
Proteins were denatured and extracted from the cell pellets with 1.5 × Laemmli buffer and with 95 °C boiling for 5 min. Protein extracts were cooled down, and were sonicated for 30 s with 50% amplitude.
Cell debris were removed with centrifugation of 20,000 × g for 20 min at room temperature. Protein extracts were diluted with the cross-linking IP buffer [50 mM MOPS (pH 7.4), 20 mM Tris, 150 mM NaCl, 0.05% Triton X-100] to SDS concentration less than 0.1%. Anti-HA agarose was added to the mixture and were incubated at room temperature for five hours. Anti-HA agarose was spun down with 3,000 × g for 3 min at 4 °C, and was washed four times with the cross-linking IP buffer. Proteins were eluted with 2 × Laemmli buffer (Bio-Rad) and boiling at 95 °C for 5 min.
SDS-PAGE and immunoblot analysis
Proteins were analyzed with the Bio-Rad Mini-PROTEAN system, and were transferred to Streptavidin IRdye (680 or 800 channels) (LI-COR Bioscience) was used in a 1:20,000 dilution ratio with PBST, and was imaged with LI-COR Odyssey.
Colony forming units (CFU) analysis
A. baumannii cells that underwent BDP-NHP or DMSO treatments were pelleted with 3, 000 × g centrifugation at 4 °C for 15 min. Cell pellets were resuspended with the sterile PBS solution (pH 7.4), and were divided into two halves. One half of the cells were serially diluted with PBS, and 5 µl of the cells at 10 5 and 10 6 dilutions were spotted onto LB agar plates. The CFU observed from the two dilutions were averaged, and was converted to CFU/ml based on the starting volume and the plated volume.
The other half of the cells were lysed with SDS. The extracted proteins were separated with SDS-PAGE, and were analyzed with Infrared dye-labeled Streptavidins (LI-COR Bioscience) or with
Coomassie protein stain (Bio-Rad).
Oxa-23 enzyme activity assays
Full length sequence of oxa-23 WT or site directed mutants were cloned into pET-28b vector using restriction sites XhoI and NcoI. WT and mutant constructs were transformed to BL21 (DE3) E. coli cells Fig. 10 ) was based on measurements of two biological replicates (i.e. two independent protein purification events). Three technical replicates were analyzed for each biological replicate.
RNA extraction and quantitative polymerase chain reaction (qPCR)
AB5075 wild type or mutant cells were cryoground using Mixer Mill MM 400 (Retsch, Haan, Germany). Total RNA was extracted from the frozen cell powder with RNeasy Mini Kit (Qiagen, Hilden, Germany) following QiaGen protocol, including the on-column DNase digestion step using Ambion Dnase. RNA concentration was measured with Nanodrop N1000 (ThermoFisher Scientific). The cDNA was synthesized with ImProm-II ReverseTranscription System kit (Promega) using the random hexamer primers, with the RNA template amount of 800 ng in each reaction.
The qPCR primers include a primer set for 16S RNA 20 
Outer membrane protein fractionation with AB5075 cells
AB5075 wild type or mutant cells were grown overnight at 37 °C in LB medium. Cells were pelleted with centrifugation of 3,000 × g at 4 °C for 20 min. Cell pellets were resuspended with 10 ml cell washing buffer [50 mM MOPS (pH 7.4), 150 mM NaCl], and were pelleted again with centrifugation of 3,000 × g at 4 °C for 20 min. The cell pellets were resuspended in a 1:10 ratio (gram: ml) with the icecold Protein Extraction Buffer which contains 50 mM MOPS (pH 7.4), 150 mM NaCl, and EDTA-free protease inhibitor cocktail tablets (using the ratio of 20 ml buffer per tablet). Cells were cooled in ice for at least 15 min, before lysis with sonication on-ice with a GE-130 ultrasonic processor using 50%
amplitude and four cycles of 1.5 min duration. Cell debris was removed by centrifugation of 10,000 × g for 20 min at 4 °C. The supernatants were further centrifuged at 100,000 × g for 1 h at 4 °C using Optima LE-80K ultracentrifuge and SW 41 Ti Rotor Swinging Bucket (Beckman Coulter, Brea, CA, USA). The collected supernatants are soluble protein-enriched fractions (Figs. 4D, 6D ). The pellets were resuspended with 6 ml membrane solubilization buffer (100-fold volume excess), which contained 50 mM MOPS (pH 7.4), 150 mM NaCl, EDTA-free protease inhibitor cocktail tablets, 2% (v/v) Triton X-100 and 10 mM MgCl2. The membrane solubilization buffer dissolved the cytoplasmic membranes, while did not dissolve the outer membranes 21, 22 . The solubilization mixtures were incubated on-ice for 30 min, and were centrifuged at 100,000 × g for 1 h at 4 °C. The supernatants were removed, and the pellets were washed with another 10 ml Protein Extraction Buffer (200-fold volume excess), and centrifuged at 100,000 × g for 50 min at 4 °C. The pellets were resuspended with 8 M urea in 50 mM NH4HCO3 (pH 8.0), vortexed, incubated at room temperature for 1 h, and were centrifuged at 20,000 × g at room temperature for 20 min. The collected supernatants were the outer membrane protein-enriched fractions (Figs. 4D, 6D ). Protein concentrations for the soluble and outer membrane proteins enriched fractions were determined with Bradford assays. The extracted proteins were either denatured with 2 × Laemmli buffer for SDS-PAGE immunoblot analyses (Fig. 4D) or digested with trypsin for mass spectrometry
Parallel reaction monitoring (PRM) assays for Oxa-23 proteins
PRM analysis for label-free peptide quantitation was performed with a Q Exactive Plus system coupled to a Thermo EASY-nLC 1000. Peptides were separated with LC separation gradients 2% -10%
acetonitrile for 1 min, and 10% -30% acetonitrile for 89 min, at flow rate of 300 nL/mim, using a The PRM data was analyzed with Skyline (version 3.5.0) 23 as previously described 24 . The log2 of peptide ratios were averaged to yield the protein-level ratios.
